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In southern Taiwan the initial collision of the Luzon volcanic arc with the passive continental margin of
China results in the emergence of an accretionary prism of, predominantly, turbidites in composition,
thus providing an appropriate place to study the temporal and spatial variation of deformation during
the transition of subduction to arc-continent collision. Field surveys have recently been carried out in
slightly metamorphosed rocks along the well-exposed Jinlun-Taimali coast in southeastern Taiwan. Three
folding phases are identiﬁed in the area. The ﬁrst phase is characterized by gently dipping but widely
distributed phyllitic cleavage (S1). The second phase is represented by sparsely distributed crenulation
cleavage (S2) that folded the phyllitic cleavage. The third phase is characterized by EeW trending anti-
forms (F3) that involved both types of pre-existing cleavages. Restoration of such an antiform in the north
using a method proposed in this paper reveals that phyllitic cleavage in the overturned beds dips gently
towards the southeast or east-southeast before the antiform, in relation to the ﬁrst-phase thrusting or
folding under regional ESE-WNW compression. From the ﬁrst to third phase, the maximum horizontal
compression underwent an about 90 anticlockwise rotation from ESE-WNW to EeWor NEeSW to NeS,
and the deformation depth seems to decrease drastically, in terms of the decreasing proportion of
pervasive deformation. All these variations are attributed to the oblique arc-continent collision that
exhumed the whole accretionary prism and induced a local stress perturbation in southeastern Taiwan.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
An accretionary prism forms along a convergent plate boundary
as a result of off-scraping sediments and rocks from the under-
thrust plate and depositing sediments and volcanic ashes from
volcanic arcs on the overriding plate (Moore, 2001). Continuous
deformation accompanies its inception, growth and demise during
subduction and, consequently, collision and produces a wealth of
deformation structures in it, perhaps the most complicated on the
earth. The study of these deformation structures, although
extremely complicated and even at times incompletely preserved,
are necessary to re-establish all or most of the history of a sub-
merging (Anma et al., 2011) or emerged (Chang et al., 2009b;
Tizzard et al., 2009; Kemkin, 2012) accretionary prism, andx: þ86 20 85290130.further to decipher the interaction between mechanical deforma-
tion, pore ﬂuid ﬂow, heat transfer and chemical reactions that are
responsible for the largest frequency of earthquakes within and
beneath the prism (Moore and Vrolijk, 1992; Moore et al., 2007).
To the south of the Taiwan island the eastward subduction of the
South China Sea oceanic crust beneath the West Philippine Sea
oceanic plate gives birth to the Manila Trench, an accretionary
prism or the Hengchun Ridge, and the Luzon volcanic arc, from
west to east (Fig. 1a). Owing to the southward propagating collision
of the Luzon volcanic arc with the Eurasian continent since 6.5 Ma
(Huang et al., 1997), the accretionary prism is emerging in the
Hengchun Peninsula, southernmost of Taiwan, and has emerged
toward the north (Fig. 1b). Sedimentary rocks in the prism are
partially consolidated, fully consolidated, and then slightly meta-
morphosed from south to north (Chen et al., 1983; Beyssac et al.,
2007). Therefore, this lateral increase in emergence provides an
appropriate place on land to look through an accretionary prism to
Fig. 1. (a) Tectonic setting (modiﬁed from Pelletier and Stephan, 1986) and (b) tectonic map of Taiwan island (modiﬁed from Huang et al., 1997; Malavieille and Trullenque, 2009).
The arc-continent collision zone in Taiwan is divided into three segments, initial collision, advanced collision and post-collision (Lallemand and Tsien, 1997).
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drilled at convergent plate boundaries.
Present in this emerging and newly emerged accretionary
prism are polyphase deformation structures, such as faults (Chang
et al., 2003), joints (Shan et al., 2013) or folds (Pelletier and Hu,
1984; Chang et al., 2009b), that had formed in a geological his-
tory of deposition, subduction and arc-continent collision.
Distinct fold superimposition is visible only in slightly meta-
morphosed sedimentary rocks, southeastern Taiwan (Fig. 1b),
where Pelletier and Hu (1984) ﬁrst recognized three folding
phases. The ﬁrst folding phase affects the whole prism and is
characterized by a series of north-trending folds (F1), producing a
large-scale anticlinorium, and synchronous slaty or phyllitic
cleavage (S1). The second and third folding phases are conﬁned to
this region, and they are characterized by southeast-trending kink
folds (F2) and fracture cleavage (S2), and by east-trending folds
(F3) refolding all the previously formed structures, respectively. In
interpretation, the ﬁrst, second and third folding phases were
produced by subduction, incipient arc-continent collision and the
sinistral strike slip of the suture zone along the LongitudinalValley to the north and the curvature of the Central Range,
respectively.
However, in this region with a high vegetation cover, where
good bed markers are generally absent and where folds related to
slumping (F0; Pelletier and Hu (1984)) are quite common, mapping
the refolded beds becomes difﬁcult or even impossible. For this
reason, we still have scant knowledge of the fold shapes, fold
mechanisms, interference pattern and restoration of the folds and
refolds in the region. Even so, some not all of these are expected to
observe or infer at a good exposure of a refold along the straight
coast from Jinlun to Taimali village, southwest of Taidong County
(Figs. 1b and 2aeb). In the chevron antiform (F3; Fig. 2c), phyllitic
cleavage (S1) has the same dip direction as the beds at the sides do
(S0), which permits the restoration of the antiform with reference
to the phyllitic cleavage, as shown in this paper. This restoration
helps quantify the effect on pre-existing structures of the antiform,
fromwhich wemay restore the palaeo-stress state before antiform,
to a reliable degree. This information is fundamental to understand
the subtle variation in time and space of deformation of the
accretionary prism during subduction and collision.
Fig. 2. (a) Satellite image of the Jinlun-Taimali coast, southeastern Taiwan downloaded from the Google Earth imagery. (b) Geological cross section along the study coast. (c) Larger-
scale cross section across a chevron antiform in the north.
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The island of Taiwan is situated at the eastern margin of the
Eurasian continental plate, as a result of on-going oblique collision
between the Lunzon volcanic arc on thewest Philippine Sea oceanic
plate and the passive continental margin (Fig. 1a; Chai, 1972; Biq,
1973; Byrne et al., 2011). The arc-continent collision started in the
north of Taiwan by 6.5Ma (Huang et al., 1997), then propagated
towards the south, and has reached the Taidong County at present.
The Taiwan orogenic belt is thus subdivisable into three segments,
from south to north, initial collision to the south of the Longitudinal
Valley, advanced collision along the valley, and post-collision to the
north of the valley (Fig. 1b; Lallemand and Tsien, 1997; Huang et al.,
2006). Given the time-for-space equivalence along the belt, these
segments represent a complete history of the arc-continent colli-
sion orogen, from inception to growth to demise.
Before the arc-continent collision in Taiwan island, the eastward
subduction of the South China Sea oceanic crust beneath the West
Philippine Sea oceanic plate produced the Luzon volcanic arc on the
overriding plate and an accretionary prism along their contact. This
process is still going on to the south of Taiwan island. The arc-
continent collision caused the emergence of the proximal part of
this accretionary prism and then accreted it to the Eurasian conti-
nent. A huge sequence of deep-sea turbidites makes up the greater
part of the emerged accretionary prism. It may be categorized into
two formations, the middle to upper Miocene Mutan Formation in
the south of the Hengchun peninsula and the Miocene Lushan
Formation in the north. The Mutan Formation consists of partially
to fully consolidated mudstones, siltstones, sandstones and, occa-
sionally in an isolated body, conglomerates (Sung andWang, 1986).
It had undergone such intense deformation that regional folds,
trending north and open to close, tend to be overturned (Sung,
1991). Chang et al. (2003) recognized in these deformed rocks
four phases of faulting, from earlier extension to later compression,
that span the transition from the passive to active continentalmargin. Based upon this result, paleomagnetic data and palaeoﬂow
measurements, they believed that the study region must have
undergone an about 90 anticlockwise rotation during the transi-
tion. Shan et al. (2013) used the adjacency matrix to describe the
relative ages of systematic joint sets in the gently dipping Loshui
Sandstone along the eastern coast and found out that the southern
part and the northern part of the Sandstone have a similar adja-
cency matrix. They argued for an evolution of uniform stress that
produced each systematic joint set along the coast, in spite of the
abundance and intricacy of joints in the Sandstone.
Likewise, the Lushan Formation is composed of mudstones,
siltstones and sandstones. These rocks weremetamorphosed under
the prehnite-pumpellyite to lower greenstone facies (Chen et al.,
1983). They were not only folded and thrusted but also perva-
sively deformed in a form of slaty or phyllitic cleavage (Pelletier and
Hu, 1984; Chang et al., 2009b). Present along the southern Central
Range is a large-scale anticlinorium, a series of north-trending
mesoscopic folds (F1) associated with axial slaty or phyllitic cleav-
age (S1), under EeW or NWeSE regional compression during sub-
duction. Only in the eastern ﬂank of the Central Range in the region
is this cleavage later deformed by southeast-trending kink folds (F2)
and fracture cleavage (S2), and then all of them were affected by
east-trending folds (F3) (Pelletier and Hu, 1984; Chang et al.,
2009b). This local overprinting has been attributed to the arc-
continent collision. For example, Pelletier and Hu (1984) consid-
ered backthrusting and backfolding during incipient arc-continent
collision for the second phase and either the sinistral strike slip of
the suture zone along the Longitudinal Valley to the north or the
curvature of the Central Range for the third phase. Chang et al.
(2009b) favored the orocline for the third phase.
Exposed near Hengchun town in the south is the north-trending
Kenting melange, about 1 kmwide and more than 20 km long, that
involves theMutan Formation (see Chang et al., 2009a for a review).
As well as the generally accepted arc-collision model, there have
been other interpretations about it, including an ancient obduction
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(Pelletier and Stephan, 1986), the ancient subduction zone of the
South China Sea oceanic crust beneath the West Philippine Sea
oceanic plate (Huang et al., 1997), a sedimentary olistostrome
deposited at the front of the uplifting Central Range (Byrne et al.,
2011), and so forth. This diversity yields no general agreement
about the structure and evolution of the Taiwan orogenic belt.
Reviewing it is beyond the scope of this paper, and nomore about it
will be discussed below. Based upon numerous geological and
thermo-chronological data, Huang et al. (1997) proposed that both
the thick sequence of turbidites on the west of the Eocene-
Paleozoic sedimentary rocks and the pre-Tertiary metamorphic
basement in the Central Range (Fig. 1b) had been involved to the
accretionary prism during incipient arc-continent collision. In their
tectonic model, the Kenting melangewas once the subduction zone
responsible for making this huge accretionary prism belt, and
further arc-continent collision accreted the belt to the continent
and exhumed the footwall in the Central Range in away of buckling
or duplex thrusting. This scenario may be reproduced in analog
model (Malavieille and Trullenque, 2009).3. Deformation structures
The newly emerged accretionary prism in southern Taiwan is
well exposed on the coast from Jinlun to Taimali village, southwest
of Taidong County (Figs. 1b and 2a), where Pelletier and Hu (1984,
Fig. 8) and Chang et al. (2009b, Figs.7e8) have studied polyphase
deformation in the prism. Here crops out a combination of phyl-
lites, and metamorphosed siltstones and sandstones, and the last
two tend to have an increasing proportion toward the north
(Fig. 2b). Primary sedimentary structures such as ﬂute and load
casts, graded bedding, and ﬂame structures were identiﬁed in the
exposure to determine whether the horst beds have an up or down
younging direction (Fig. 2bec). In order for a detailed knowledge
about the polyphase deformation, ﬁeld surveys have been carried
out along the coast in recent years to collect macroscopic structural
data bymeasuring a variety of deformation structures observable in
the ﬁeld, including folds, cleavages, quartz veins, and faults, and
recognizing their temporal relationships. Fig. 3 summarizes some
key temporal relationships between them, either observed at
outcrop or determined by structural analysis, that illustrate theFig. 3. A diagram about the temporal sequence of important deformation structures observe
type of structure are arranged in a relative position and connected with tie lines to display t
types of structures. Field observations and results from structural analysis were used to de
more information.presence of three folding phases in the intensely deformed rocks, as
already conﬁrmed in previous studies (see Pelletier and Hu, 1984;
Chang et al., 2009b).
3.1. Folds
Most of the strikes of beds measured along the coast are nearly
perpendicular to the straight coast trending N20E. In stereogram
all the bedding measurements deﬁne a well-deﬁned girdle, upright
and north-trending (Fig. 4a), indicating the presence of a ﬂat, east
or west trending fold axis for them. Such folds are actually
observable at sites 56 (Fig. 5a) and 71 (Fig. 5b). The folds at the sites
are antiforms (F3), with overturned limbs (Fig. 2b), with a size of
tens to several hundreds meters. They are close, north-verging, and
in a chevron shape. There appear no axial cleavage associated with
them. They involve both phyllitic cleavage (S1) and crenulation
cleavage (S2) (Pelletier and Hu, 1984; Chang et al., 2009b). Associ-
ated with them are slip lineations on bedding-parallel quartz veins,
nearly perpendicular to the fold axes. These are described below.
3.2. Cleavages
There are two kinds of cleavage visible in the exposure, phyllitic
(S1; Fig. 5c) and crenulation (S2; Fig. 5def). The latter cleavage is
developed on the former cleavage, indicating a younger age for it.
3.2.1. Phyllitic cleavage (S1)
Phyllitic cleavage is well developed in phyllites (Fig. 5c) and a few
metamorphosed sandstones (Fig. 5eef), as a strong alignment of
sericites and clays along it, and becomes something like fracture
cleavage or is absent in most metamorphosed sandstones. In gen-
eral, it has no high dip angle, no cluster in orientation space but a
strong tendency to dip toward the northwest and southwest
(Fig. 4b). This demonstrates that the cleavage had been subsequently
deformed as approximately east-trending folds. Such a fold is
recognizable at some localities (Pelletier and Hu, 1984, Figs. 8e1~2).
For example, in the antiform at site 71 (Figs. 2c and 5b), phyllitic
cleavage (S1) in two phyllite beds, each about 8 m thick, are more
developed in the northern limb than in the southern limb. The
phyllitic cleavage dips in a similar direction to the dip direction of
bedding at the sides but have a smaller dip angle than bedding (alsod at outcrop. Each box represent a type or sub-type of structure. The boxes for a certain
he relative ages of these sub-types. The equal sign means a similar age for the different
termine these temporal relationships. See Lisle (1981) and Potts and Reddy (2000) for
Fig. 4. Structural elements measured along the coast, including bedding (a), phyllitic cleavage (b; S1), crenulation cleavage (c-d; S2), slip lineations on bedding-parallel quartz veins
(e), and faults (f). In (e), the blank squares are the poles to the bedding-parallel veins, and the two short lines at the sides parallel the dip directions of slip lineations. In (f), the great
circles represent the fault planes, on which the striations are displayed either as a short line marked with an outward/inward arrow for a normal/reverse slip sense or as a set of two
parallel short lines marked with a half arrow on each in a clockwise/anticlockwise pattern for a dextrous/sinistral strike-slip sense. Striations with uncertain slip senses are shown as
an unmarked short line or a set of two unmarked parallel short lines. Lower hemispheric, equal-area projection.
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This cleavage-bedding relationship indicates the presence of a syn-
form at the antiform, where the direction of phyllitic cleavage to the
antiform does not match the mapped antiform of the bedding (see
the method of Lisle and Leyshon, 2004, p. 54). In the way, the
phyllitic cleavage does not have orientations that accord with it
being an axial planar foliation for the antiform. This is in accordance
with Chang et al.’s (2009b, Fig. 8b) observation that the cleavage has
an antiform shape in the hinge zone.
3.2.2. Crenulation cleavage (S2)
Symmetrical or asymmetrical crenulation cleavage formed by
folding the phyllitic cleavage in phyllites (site 61; Fig. 5d) and, rarely,
strongly foliated metamorphosed sandstones (site 64; Fig. 5eef). In
the former, it has a shorter limb of 1e4 cm in length and a longer
limb of a ten centimeters in length, with an interlimb angle of
135e155 (Fig. 5d). It is characterized by one or, less commonly, two
sets of well-spaced kink folds. Along the planar hinge planes often
exists a set of fractureswith no or very small offset along the fracture
surfaces, indicating a tension or transtension origin for them. The
kink fold planes are nearly perpendicular to bedding, and dip toward
the south-southwest, as a whole (Fig. 4c).
In the latter, crenulation cleavage is the alignment of more
densely-spaced kink folds with a nearly horizontal fold axis. These
kink folds have a shorter limb of about 5 mm in length and a longer
limb of 10e15 mm in length, with an interlimb angle of 140e160
(Fig. 5eef). They have so low an amplitude (several millimeters)
that one has to look at them at a certain angle relative to the
exposure in order to observe the greatest contrast in light bright-
ness between the two limbs (Fig. 5e). This cleavage is almost ver-
tical, oblique to bedding, and trends southeast or northwest
(Fig. 4d).Crenulation cleavage is subvertical at the studied sites
(Fig. 5dee) and elsewhere in the region (Pelletier and Hu, 1984),
implying that it might not have signiﬁcantly been affected by the
third phase folds. It trends either toward the northwest (Fig. 4c) or
toward the north (Fig. 4d) and verges toward the southeast or east.
It seems to be related to slip lineations oblique or parallel to
bedding strike on the surfaces of bedding-parallel quartz veins, as is
described and analyzed below.
3.3. Quartz veins
Common in metamorphosed sandstones are quartz veins with or
without a minor inclusion of chlorite and graphite. They are gener-
ally several millimeters to several centimeters wide and several of
ten centimeters to several meters long. They are planar, lenticular,
wedged or irregular in shape, with a sharp or, at times, slightly
zigzag contact. They may be parallel, perpendicular or oblique to
bedding, and appear undeformed, folded or faulted. In most or all
intact veins, particularly thick veins, quartz crystals are subhedral
and coarse-grained, thus displaying a blocky structure. At a few sites
there exist two or three sets of bedding-perpendicular thin veins
that seem not to undergo subsequent deformation. The complexity
in orientation and geometry of these veins reﬂects the temporal and,
most probably, spatial variability of the tectonic stress ﬁeld that
produced them. This corresponds with the three-dimensional, non-
coaxial or coaxial deformation that Hsu (2008) observed from the
pressure shadows of pyrites in phyllites in the north.
Here we are interested in slip lineations on the surfaces of
bedding-parallel quartz veins. There are several types of them, ﬁ-
bres, grooves and a combination of both, depending upon the
temporal relationship between the ﬂexural slip and the veining.
Whatever they are, they are a manifestation of ﬂexural slip
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faulting during or after the formation of veins. Their senses are
however not determined in the ﬁeld, for difﬁculty or even impos-
sibility. At site 56 (Fig. 5a) thin, bedding-parallel quartz veins
of extension or transtension in origin are present on the surfaces
of thick or massive beds of metamorphosed sandstones in the core
of an antiform. Slip lineations on these veins are nearly parallel to
the dips of the beds and almost perpendicular to the horizontal,
east- or west-trending fold axis. This perpendicularity means
that they recorded ﬂexural slip during the formation of the
antiform (Fig. 3).
There are several sets of slip lineations measured along the
coast, subparallel, oblique or subperpendicular to bedding strike
(Fig. 4e). The last set is interpreted as a result of ﬂexural slipping
during the formation of west- or east-trending antiforms
(Fig. 5aeb), for the above-mentioned reason. At and around site
71 a majority of slip lineations on thick, bedding-parallel veins
may roughly be grouped into two sets, subperpendicular or
subparallel to bedding strike. Both sets are developed often on
different veins but seldom in a single vein. In the core of the
antiform at site 71, veins with the former set overlap in a
bedding-parallel exposure (Fig. 5g) or crosscut in a bedding-
perpendicular exposure veins with the latter set. This relation-
ship indicates a younger age for slip lineations subperpendicular
to bedding strike.
3.4. Faults
Faults observed along the coast are newly formed or reactivated.
They are normal, reverse or strike-slip faults, with an offset of
several centimeters to several tens of centimeters, suggesting that
they have been produced in a temporally varying tectonic stress
ﬁeld. For example, in the antiform at site 56 there exist two small-
scale faults, one reverse and one normal (Fig. 5a). The reverse fault
displaces only thin to medium beds of phyllites and meta-
morphosed sandstones near the fold hinge and tends to parallel an
underlying massive bed towards the hinge, where some of these
displaced beds are tectonically missing. It thus seems to have
played a role in accommodating intense deformation in the core
during the formation of the antiform. The normal fault displaces
the striated bed surfaces, indicative of its formation after the
antiform.
Present at site 50 (Fig. 5h) are two dominant sets of quartz
veins, perpendicular or nearly perpendicular to bedding,
intensely developed in a thick bed of metamorphosed sandstone.
Many of the veins have been utilized as a fault during subsequent
deformation, because they possess normal, reverse or strike-slip
slip lineations on the surfaces (Fig. 4f). A few of such faults are
roughly similar in orientation and slip line but totally different in
slip sense, diagnostic of polyphase faulting. At the northern
side of the site, two faulted blocks are tilted northward with
respect to the normal bed at the southern side, and their
boundary faults, with a normal throw of several ten centimeters,
do not appear to propagate downward into the beneath phyllite
bed (Fig. 5h). This absence means a lot, because the underlying
mudstone or, if metamorphosed, slate or phyllite must have been
sufﬁciently ductile either to dissipate the localized strain by
normal faulting in the competent sandstone or to heal the faults
that once had extended into it. These alternative explanations
differ in the temporal relationship between the boundary faults
and phyllitic cleavage: the faults are younger in the former
explanation or older in the latter explanation. Their discrimina-
tion requires inspection of microscopic deformation structures
beneath the faults in the phyllite bed, and this awaits future
research.4. Antiform restoration
In this multi-deformed region with a high vegetation cover, it is
a great challenge to map the refolds, mainly based upon a limited
number of exposures along the valleys, coast and roads, to reveal
the fold interference pattern, although Chang et al. (2009b) made
such an endeavor. Without the help of a detailed geological map,
determining the exact fold trend for each tectonic phase from a few
sections becomes difﬁcult or even impossible. This is not a problem
for the ﬁrst-phase folds (F1) that are readily identiﬁed outside the
refolded region (Pelletier and Hu, 1984; Chang et al., 2009b), but
there is a real problem for the second-phase and third-phase folds
(F2 and F3), as we have little knowledge about how the earlier folds
affects the later folds.
However, the involvement of phyllitic cleavage (S1) to the
chevron antiform (F3) at site 71 (Fig. 2c) helps understanding of
fold superimposition in the region. As described above, in the
limbs phyllitic cleavage has the same dip direction as the beds do
but has a smaller dip angle (Fig. 2c). In this way we have two
dependent antiforms, one for bedding and another for phyllitic
cleavage. The former antiform is closer than the latter antiform.
Here arises an interesting issue about the orientation of phyllitic
cleavage before its involvement to the antiform. This issue is here
resolved by restoring the antiform, under an assumption that
before antiform the cleavage in the limbs has a single orientation.
This assumption is justiﬁable in that phyllitic cleavage does not
vary abruptly in orientation at a coherent exposure outside the
refolded region. An alternative possible assumption about fan-
shaped axial cleavage may require intense deformation of beds
before involvement, which seems not to be supported by the fact
that nearly all meta-sandstone beds have a roughly constant
thickness throughout the antiform, and by Chang et al.’s (2009b,
Fig. 8b) observation of an antiform shape of the phyllitic cleavage
in the hinge zone.
4.1. Method
Mechanisms responsible for strain in layers during buckling
include ﬂexural-ﬂow, tangential longitudinal strain, and ﬂattening
(Ramsay, 1967; Bastida et al., 2003; Hudleston and Treagus, 2010).
In the study case, our interest is the strain at the straight limbs of a
chevron antiform (Figs. 2c and 5b), where the secondmechanism is
not important. Flattening during the second folding event may or
may not exist, but this is difﬁcult in the exposure to identify and, if it
exists, to quantify. At outcrop and under the microscope (Hsu,
2008) quartz shadows around pyrite aggregates display no
apparent preference of growing in a vertical direction, suggesting a
minor contribution of the ﬂattening mechanism to the bulk strain
in the rock. The second and third mechanisms are thus not taken
into account, for simplicity. For ﬂexural ﬂow, the shear strain in a
bed equals the apparent dip angle (q) in radians of the bed along a
plane perpendicular to the fold axis, and the deformation gradient
(Fs) has the following expression (Ramsay, 1967, p. 393; Ghosh,
1996; Bastida et al., 2003),
Fs ¼
2
4
cos q 0 sin q
0 1 0
sin q 0 cos q
3
5
2
4
1 0 q
0 1 0
0 0 1
3
5 (1)
where the fold axis is horizontal and directed toward the east or
west. The inversion of the above formula, or the reverse deforma-
tion gradient (F1s ), is used to unfold the limbs of the studied
chevron antiform.
For simplicity in restoration, there are a number of necessary
assumptions including a constant orientation of phyllitic cleavage
Fig. 5. Photographs showing typical deformation structures observed in the ﬁeld. (a) A north-verging, close antiform (F3) at site 56. The fold axis is approximately horizontal and
trends toward the east or west. A normal fault displaced the fold and, probably, a reverse fault associated with the antiform. (b) A close chervon antiform (F3) at site 71, with a nearly
horizontal, EeW trending fold axis. see Fig. 2bec for location. (c) Phyllitic cleavage (S1) in a massive phyllite bed at the northern limb of the antiform at site 71. (d) Kink folds and
parallel fractures in a massive phyllite bed at site 61. (e) Crenulation cleavage in a thick bed of strongly foliated metamorphosed sandstone at site 64. (f) A close-up of crenulation
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Fig. 6. A sketch showing the fold limbs and their associated phyllitic cleavages in the
present state and in a possible restored state, respectively. See the text for more
explanation.
Y. Shan et al. / Journal of Structural Geology 66 (2014) 248e260 255(S1) before antiform (F3), a ﬂexural slip mechanism for the antiform
with the bedding as the active slip surfaces, and the passive
deformation of phyllitic cleavage during antiform. Two thick
phyllite beds in the antiform (Fig. 2c), where phyllite cleavages and
bedding planes were carefully measured in the limbs, are chosen.
The best restored state is obtained by maximizing the following
objective function under these assumptions,
Wðqs; qnÞ ¼ 12
X2
i¼1
cosðfiÞ (2)
where qs and qn are the rotation angles around the fold axis of the
northern and southern limbs in a possible restored state (Fig. 6),
respectively, and 4i is the angle between the normal vectors to
phyllite cleavages in the i-th bed in the limbs in the restored state.
Obviously, this maximization satisﬁes the ﬁrst assumption, to an
utmost degree. For the case where the studied antiform has a
horizontal axis, 4i is determined in the following procedure:
1) Rotate around the vertical axis to make the fold axis of the
antiform parallel the east or west direction,
2) calculate the deformation gradients from the given rotation
angles, according to Eq. (1),
3) use the reverse deformation gradients to unfold the limbs, and
4) calculate the orientations of the cleavages in the restored state
and then the dihedral angles between the cleavages in the beds
in the limbs.
In this paper, time-consuming grid searches are adopted here to
solve the above optimal problem for qs and qn. It is fairly easy to
code the algorithm, and the estimates have a high resolution if grid
inter-distance is sufﬁciently small. In calculation, either qs or qn is
taken as a value of 5 to the larger dip angle of the measured beds
with a spacing of 0.1. The negative sign means that the bed in the
present state dips opposite to that in the restored state.4.2. Results
Applying the above-mentioned method to the antiform gives rise
to results shown in Fig. 7. In the best restored state, the measured
phyllitic cleavages dip gently toward the southeast or east- southeast,
with an average dip direction 108 and an average dip angle 22
(Fig. 7d). This indicates that they had been generated by an overall
ESE-WNWcompression during the ﬁrst folding phase. The beds have
a generally gentle dip angle, making an open antiform with a hori-
zontal, east- or west-trending fold axis, too. The inter-limb angle ofcleavage at site 64. (g) Slip lineations on bedding-parallel quartz veins in the core of the ant
former set overlaps in this bedding-parallel exposure and crosscuts in a bedding-perpendic
set. (h) Two subparallel faults, with a normal displacement component, displace a thick bed
the normal bedding at the left side. The faults disappear in the beneath massive bed of brothis antiform is a little smaller in the lower bed than in the upper bed
(Fig. 7b), due to the inheritance of difference in inter-limb angle
between the beds in the present state (Fig. 7c). As both phyllitic
cleavages and the fold axis are nearly mutually perpendicular in the
strike (Fig. 7d), the antiform has a younger age than the cleavages,
and they have nothing to do with each other. At present we have
little or a little knowledge about the mechanism of the early anti-
form, as well as other deformation structures before phyllitic cleav-
age in the region. It might have been produced by a variety of
possible mechanisms working in the soft-sediment state, including
buckling under regional NeS compression, propagation folding
above a beneath EeW trending lateral ramp of a thrust, a localized
NeS fold related to large-scale eastward slumping, and so forth.
4.3. Applications
As previously described, in the studied antiform there exist a large
number of slip lineations on bedding-parallel quartz veins (Fig. 8a
and c). These slip lineations in the best restored state still have two
dominant sets but become more concentrated in azimuth space
(Fig. 8b and d). The set subparallel to bedding dip in the present state
remains but has a slightly increasing number. It plunges toward the
north-northwest or south-southeast and is nearly perpendicular to
the fold axis of the antiform, diagnostic of ﬂexural slip during the
formation of the antiform. The set subparallel to bedding strike in the
present state is switched to plunge toward the northeast. These new
plunges seem unrelated to southeastward or east-southeastward
dipping phyllitic cleavages in the best restored state (Fig. 7d). They
appear almost perpendicular to vertical crenulation cleavages at site
64 (Fig. 4d), suggesting that both have been formed in a single phase,
the second folding phase (Fig. 3). This is in correspondence with an
observation about the crosscutting relationship that the former set
has a younger age than the latter set (Fig. 5g).
All slip lineations on bedding-parallel veins collected in the ﬁeld
(Fig. 9a) are processed through unfolding the beds around a ﬁxed
fold axis, horizontal and EeW trending, in a similar way but to let
the phyllitic cleavages measured at horst rocks reach the average
orientation of the cleavages of the studied antiform in the best
restored state (Fig. 7d). The chosen beds display a spread in a north-
striking, vertical great girdle in stereonet, no matter whether the
unfolding scheme is or is not applied (Fig. 9aeb), which implies the
presence of folds before the third folding phase. The present slip
lineations have three dominant sets plunging toward the north,
northwest and west-northwest, respectively (Fig. 9c). These sets
still remain but vary in number in the best restored state. The ﬁrst
and third sets have a smaller number, and the second set has a very
larger one (Fig. 9d). Only the ﬁrst set has its counterpart in the two
sets of the studied antiform (Fig. 8d), and the second and third sets
are absent or less pronounced. For this difference, wewant to know
whether the restored distribution is a manifestation of refolds or an
artifact of the unfolding model. Answering this question is however
impossible at present, because of a lack of knowledge about the
effect on preexisting structures of the second folding phase, and of
simplicity of the model that excludes possible mechanisms such as
tangential longitudinal strain, ﬂattening and faulted block rotation.
5. Discussion
The above-mentioned polyphase deformation structures are
fundamental to understand the thermo-mechanical evolution ofiform at site 71 have two sets, dip-subparallel and strike-subparallel. The vein with the
ular exposure the vein with the latter set, both indicating a younger age for the former
of white metamorphosed sandstone at site 50. The fault blocks are tilt with respect to
wn phyllite.
Fig. 7. A simpliﬁed NeS cross section of the northern antiform at site 71 in the present state (a) and in the best restored (b) state, respectively. Only the two massive phyllite beds of
interest are displayed as gray bands. The short lines in dark gray represent the dip directions of phyllitic cleavages in the section. (c)e(d) are the orientations of the beds and phyllitic
cleavages in the limbs in the states. Lower-hemispheric, equal-area projection.
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spans subduction to arc-continent collision in late Cenozoic. This
will be discussed in this section.
5.1. Phyllitic cleavage (S1)
In a submerging accretionary prism, phyllitic cleavage forms in
the prehnite-pumpellyite facies, at a depth of 5e15 km and a
temperature of 150e300 C, a condition also for seismogenesis in
the prism (Moore et al., 2007). It may be initially vertical or in-
clined, depending upon in situ stress at the time of formation and is
to be modiﬁed during subsequent deformation, to a more or less
degree. In the active Taiwan orogen, slaty or phyllitic cleavage dips
toward the east in the western slope of the Central Range and to-
ward the west in the eastern slope, as a whole (Stanley et al., 1981).
This fan-shaped megastructure is considered to result from two
successive tectonic phases related to westward thrusting (phase 1)
and eastward thrusting or backthrusting (phase 2), respectively
(Stanley et al., 1981; Pelletier and Hu, 1984; Chang et al., 2009b). In
southeastern Taiwan there also occurred the third folding phase
that refolded preexisting planar structures. Our restoration of an
antiform of this phase along the Jinlun-Taimali coast yields gently
southeastward or east-southeastward dipping phyllitic cleavage in
the antiform. This restored cleavage dips in an opposite direction to
that of the above-mentioned model, diagnostic of the ﬁrst-phase
thrusting or folding under ESE-WNW compression. The reason
for this inconsistency is the scarcity of pervasive deformation of the
second phase, for example, in the form of crenulation cleavage
occasionally observed at outcrop, in the region where slightly
metamorphosed rocks are newly exhumed. Besides, there exist a
large number of large-scale east-verging folds and westward dip-
ping, out-of-sequence thrusts (Chang et al., 2009b).5.2. Crenulation cleavage (S2)
One of the conditions of crenulation cleavage is that the pre-
existing foliation is oriented at an angle less than 30e45, a
range that the rock has a minimum yield strength (Kronenberg
et al., 1990), relative to the maximum compressive principal
stress (Fisher et al., 2007). Crenulation cleavages observed along
the coast are subvertical, regardless of the dip angles of the horst
beds (Fig. 4ced), and are present only in some phyllites (Fig. 5d)
and strongly foliatedmetamorphosed sandstones (Fig. 5e). Phyllitic
cleavages in the present state are inclined to bedding with a highly
variable angle (Fig. 2bec), but they have a small angle at places
where crenulation cleavages crop out (Figs. 4ced and 5dee). Our
antiform restoration indicates the presence of gentle, generally
eastward dipping phyllitic cleavages in the horizontal overturned
beds before the third folding phase, a favorable situation for cren-
ulation cleavages. This favorability is a simple contribution of the
second-phase deformation, or backfolding and backthrusting, that
revolved the rocks either in a rigid block or due to strain, in the light
of its strongly imprinting the eastern ﬂank of the Central Range
(Pelletier and Hu, 1984; Chang et al., 2009b).
Crenulation cleavages observed at the sites are subvertical and
have a roughly similar orientation (Fig. 4ced), suggesting that they
were little effected by of the third phase folding. They dip either
toward the west at site 61 (Fig. 4c), at a small angle relative to the
average dip direction of phyllitic cleavages in the best restored state
(Fig. 7d), or toward the southwest at site 64 (Fig. 4d), parallel to a
set of slip lineations on bedding-parallel veins in the best restored
state (Fig. 8d). This parallelism strongly suggests the synchronism
of these deformation structures. Although there may be other in-
terpretations about them, we believe that they should have formed
in a simple dynamic setting with a changing direction of the
Fig. 8. Slip lineations on bedding-parallel quartz veins in the northern antiform in the present state (a) and in the best restored (b) state, respectively. Data number is 18. Lower-
hemispheric, equal-area projection. See the caption of Fig. 4 for more explanation. (ced) are the rosettes of the dip directions of slip lineations in the states. The rosettes have a 10
class width and are linearly scaled.
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ingly, deformation structures of the ﬁrst phase to the third phase
recorded an about 90 anticlockwise rotation of the maximum
horizontal compression in the region, from ESE-WNW at the ﬁrst
phase to EeW at the early second phase to NEeSW at the late
second phase to NeS at the third phase. This stress rotation was
most likely a by-product of southward propagation of the oblique
arc-continent collision to the north. Such a phenomenon is
observed in 3-D analog experiments on fore-arc deformation
(Boutelier et al., 2012).
5.3. East-trending antiforms (F3)
There are no apparent axial cleavages associated with east-
trending chevron antiforms, close and inclined (Fig. 5aeb). How-
ever, Chang et al. (2009b, Fig. 9c) identiﬁed “jointlike spaced
cleavages” of the third phase, nearly vertical but, incredibly, almost
evenly distributed in azimuth space. The presence of parallel folds
and slip lineations on bedding-parallel veins with them, and no
apparent involvement of pervasive deformation suggest that this
folding phase should occur at the lower limit of the prehnite-
pumpellyite facies, where the temperature was still sufﬁciently
high to sustain the activity of subsurface ﬂuid, from which quartz
crystallized in open spaces.
From the ﬁrst to third phase, pervasive deformation involved in
rocks decreases rapidly in proportion, most probably owing to the
cooling effect of continuous uplift and, if it is emerged, erosion of
the accretionary prism at the transition of subduction to arc-
continent collision. The third phase appears to occur only in the
accretionary prism at the start of advanced arc-continent collision,since no related deformation structures are observable in the
metamorphosed basement of the advanced collision segment to
the north, where the accretionary prism had been worn away
(Fig. 1b; Pelletier and Hu, 1984). The spatial transition between the
initial and advanced collision segments results in a great difference
in elevation and, dependently, a perturbation of stress (Boutelier
et al., 2012) that produced the orogen-parallel folds in the
shallow upper crust of the initial collision segment. In this light,
both the sinistral strike slip of the suture along the Longitudinal
Valley and the curvature of the Central Range are the by-products of
this transition process. They were once used to explain the origin of
the third-phase folds in the study region (Pelletier and Hu, 1984;
Chang et al., 2009b).
5.4. Tectonic evolution
Based upon previous observations and analytical results, the
deformation history of the studied antiform along the Jinlun-
Taimali coast is summarized below (Fig. 10).
1) Stage 0: In Miocene, the Lushan Formation deposited approxi-
mately horizontally at the continental slope or ocean bottom as
a thick sequence of deep-sea turbidites (Fig. 10a). Occasional
eastward down-slope slumping caused stratal disruption in the
newly deposited beds.
2) Stage 1: Probably in early Pliocene when the subduction zone
approached the passive continental margin by continuously
consuming the South China Sea oceanic crust, the accretionary
prism was engulﬁng sediments of the Lushan Formation. Defor-
mation structures formed at this time are hardly accessible,
Fig. 9. Slip lineations on bedding-parallel quartz veins in the study coast in the present state (a) and in the best restored (b) state, respectively. Only the sites with slip lineations and
phyllitic cleavages are chosen to make retro-antiforming using a method proposed in this paper. Data number is 33. (ced) are the rosettes of the dip directions of slip lineations in
the states. See the caption of Fig. 8 for more explanation.
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history. The gentle, east-trending antiform in the best restored
state (Fig. 7d) may be a remain of these structures (Fig. 10b).
Shortly, beds were intensely buckled under ESE-WNW compres-
sion (Fig. 10c). As more and more sediments were continually
added to the prism, they were tectonically buried to so great a
depth that low-grade metamorphism happened with the devel-
opment of subvertical, north-northeast-striking phyllitic cleavage.
3) Stage 2: As the accretionary prism grew bigger and bigger and as
the oceanic crust was consumed up, backthrusts and backfolds
formed to pop up the whole prism. In this way, the beds were
refolded, as an east-verging recumbent fold, and thrust toward
the east (Fig. 10d). Refolding revolved some phyllitic cleavage to
attain a small dip angle, where crenulation cleavage formed
under continuous compression. The regional horizontal
maximum compressive principal direction switched from EeW
(Fig. 4c) to NEeSW (Fig. 4d), under the inﬂuence of the south-
ward propagating arc-continent collision to the north. The
accretionary prism might or might not emerge at this stage.
4) Stage 3: Such a stress switch continued till the approach of the
advanced arc-continent collision in Plio-Pleistocene. The folded
beds were intensely refolded as a series of close or open anti-
forms with a horizontal, east-or east-trending fold axis
(Fig. 10e). The accretionary prism was quickly emerging and
undergoing intense erosion.
5) Stage 4: Afterward, the refolded beds has been suffering from
brittle fracturing, in the form of faults (Fig. 5a) and joints, and
exposed since late Holocene (Fig. 10f).6. Conclusions
In southern Taiwanwhere the Luzon volcanic arc starts to collide
at an oblique angle with the passive continental margin of China, a
newly emerged accretionary prism, composed mainly of a thick
succession of Miocene turbidites, provides a good place to investi-
gate thedeformational response to the transition fromsubduction to
arc-continent collision. Field surveys have recently been carried out
along the well-exposed Jinlun-Taimali coast, southwest of Taidong
County to collect structural data on this purpose. Three folding
phases are conﬁrmed in the area. The ﬁrst phase is characterized by
gently dipping but widely distributed phyllitic cleavage (S1). The
second phase is represented by vertical or subvertical, north-
northwest- and northwest-trending crenulation cleavage (S2) only
at two sites that developed on the phyllitic cleavage. The third phase
is characterized by EeW trending antiforms (F3) that involved the
phyllitic cleavage and, less evidently, the crenulation cleavage.
For the northern EeW trending antiform that involves phyllitic
cleavage (S1), our restoration reveals that phyllitic cleavages dip
gently toward the southeast or east-southeast in the overturned beds
before antiform, in association with the ﬁrst-phase thrusting or
folding under regional ESE-WNW compression. In the antiform slip
lineations on bedding-parallel quartz veins have two major sets,
north-northwest andnortheast, in the best restored state. The former
set, younger in age, is considered as a result ofﬂexural slip during the
formationof theantiform.The latter set couldbegenetically relatedto
northwest-trending crenulation cleavage (S2), as both formed in an
identical direction of the maximum horizontal compression.
Fig. 10. A scenario showing the deformation history of a bed in the antiform at site 71 since deposition. See the text for explanation.
Y. Shan et al. / Journal of Structural Geology 66 (2014) 248e260 259From the ﬁrst to third folding phase, the maximum horizontal
compression underwent an about 90 anticlockwise rotation from
ESE-WNW to EeW or NEeSW to NeS, and the deformation depth
tends to decrease drastically with the decrease in a proportion of
pervasive deformation. Consider the West Philippine Sea oceanic
plate has been moving northwestward in late Cenozoic, these
variations are undoubtedly attributed to the oblique arc-continent
collision that exhumed thewhole accretionary prism and induced a
local stress perturbation in southeastern Taiwan. In this sense, the
longitudinal gravitational creep caused by the topographic differ-
ence during successive exhumation might have play a substantial
role in the third-phase deformation that occurred in the shallow
upper crust.
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